The decay of three wake vortex pairs of a B-747 aircraft in an evolving and convectivel y driven atmospheric boundary layer is investigated by means of large-eddy simulations (LES). Convective boundary layers are considered hazardous because the updraft velocities of a thermal may compensate the induced descent speed of the vortex pair such that the vortices stall in the ight path. The LES results illustrate that 1) the primary rectilinear vortices are rapidly deformed on the scale of alternating updraft and downdraft regions; 2) parts of the vortices stay on ight level but are quickly eroded by the turbulence of the updraft; 3) the longest living sections of the vortices are found in regions of relatively calm downward ow, which augments their descent. Strip theory calculations are used to illustrate the temporal and spatial development of lift and rolling moments experienced by a following medium weight class B-737 aircraft. Characteristics of the respective distributions are analyzed. Initially, the maximum rolling moments slightly exceed the available roll control of the B-737. After 60 s the probability of rolling moments exceeding 50% of the roll control has decreased to 0.009% in a safety corridor around the glide path.
Nomenclature b
= aircraft span b 0 = initial vortex spacing c = section chord c l = section lift coef cient dP = probability difference
= available roll control m = aircraft mass P = probability r = radial coordinate r c = initial core radius S = one-dimensional power density spectrum T ¤ = free convection temperature scale t = time u = axial velocity u1 = ight speed v = lateral velocity v t = tangential velocity w = vertical velocity w 0 = initial vortex descent speed w ¤ = free convection velocity scale x = axial coordinate in ight direction y = spanwise coordinate z = vertical coordinate z i = inversion height a = angle of attack a 0 = mean angle of attack C 0 = root circulation k = wavelength k 2 = measure for coherent vorticity q = density 0 = uctuating quantity
Introduction
A S a response to lift, aircraft create counter-rotating vortices at the wing tips and at the edges of the aps, the so-called wake vortices. The wake vortices may exert a serious danger on following aircraft. Therefore, separation standards were established that already limit the capacity of many airports.
Naturally, wake vortices descend below the glide path by mutual induction. However, measurements 1, 2 and simulations 3, 4 indicate that under certain atmospheric conditions wake vortices stop their descent or even rise again. This hazardous situation is of great concern for reduced spacing operations. As a result, the probability of encountering stalled vortices during approach increases considerably. Therefore, the question of vortex aging achieves primary signi cance.
The question of what type of meteorological phenomena are candidates to cause this hazardous situation was also raised in the context of the further development of the wake vortex warning system of the Frankfurt airport. 5 The system was established to run the closely spaced parallel runways separately at appropriate meteorological conditions. It predicts the propagation and lifespan of wake vortices in a safety box of 80 m height above ground, based on statistical analyses. This particular height of 80 m was chosen because measurements at Frankfurt airport showed that wake vortices in ground effect do not rebound to this level. Pilot associations recently argued that above the safety box the updrafts in a convectively driven atmospheric boundary layer (CBL) may cause wake vortices to stall or even to rise up to the glide slope. In a CBL, the buoyancydriven thermals form highly energetic updrafts due to the radiative heating of the ground. The updrafts are surrounded by less turbulent downdraft regions.
In this study, large-eddy simulations (LES) of the evolving CBL have been performed that indicate that wake vortices actually may rise in the CBL when the velocity of the updraft exceeds the induced descent speed of the wake vortices. However, at the same time they are strongly deformed by the large-scale velocity eld of the CBL and decay quickly due to the large turbulence intensity prevailing in the updrafts of the CBL. ‡ To quantify these qualitative results, lift and rolling moments are assessed by means of strip theory. It is assumed that a B-737 ‡ The animated simulation can be found at http://www.pa.op.dlr.de/ wirbelschleppe/conv.html [cited 10 October 2000].
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aircraft crosses the CBL along various paths and thereby encounters the wake of B-747 aircraft. Lift and rolling moment distributions are rst analyzed as averages along the ight path. Averaging takes into account that the large-scale deformation of the wake vortices reduces the impact time of the encountering aircraft. Then, probabilities of local rolling moments are evaluated in terms of probability density distributions and time series of rolling moments based on various selected threshold levels.
To the authors' knowledge, only one previous example of a numerical simulation of wake vortices in a CBL-similar environment exists. 6 There, the prime interest was to study the effect of atmospheric turbulence on vortex decay. Here, an attempt is made to understand how the peculiarities of the CBL structure (alternating thermals and downdrafts) alter the wake-vortex behavior. Furthermore, the resulting complex ow eld data are used for encounter assessments. Rossow and Tinling 7 give a still up-to-date survey of techniques to compute forces and moments exerted by wake vortices on encountering aircrafts. A more recent overview on numerical and experimental research to characterize wake vortex encounters is given in Ref. 8 .
Methods

LES Code and Its Initialization
LES is used to simulate the CBL and the evolution of three superimposed vortex pairs. The numerical method is described in detail by Schmidt and Schumann. 9 The numerical scheme integrates the full primitive equations of motion in their nonhydrostatic form, together with the thermodynamic equation, in three dimensions and as a function of time.
9,10 The subgrid-scale uxes are determined by means of a rst-order closure as described by Dörnbrack. 11 To achieve an appropriate resolution of both the characteristic scales of the CBL and the wake vortices, a domain size of
3 is chosen. Periodic boundary conditions are employed in the horizontal directions. At the top and bottom of the domain, free-slip and no-slip conditions are prescribed, respectively.
The dry and quiescent atmospheric boundary layer is intitialized with a uniform temperature and superimposed random perturbations. The CBL is driven by a constant vertical heat ux at the lower surface until the growing thermals reach the top of the domain. Although the convective cells are still growing at this stage, the turbulent variances agree well with empirical scaling relations of the stationary CBL. 12 The ongoing evolution of the CBL is neglectable because the convective timescale is about six times larger than the lifespan of the wake vortices. The mean value of the turbulent kinetic energy (TKE) amounts to 0.9 m 2 /s 2 . After three convective timescales, three wake vortex pairs are superimposed on the turbulent ow eld at three selected locations of the domain (Fig. 1) . The right part of vortex pair 1 is placed on the shoulder of an updraft (y = 199 m and z = 404 m) to study the effect of lateral gradients of the vertical wind. The left part is situated in a quite homogeneous low-turbulence downdraft area to investigate maximum lifespans. The second vortex pair is superimposed on a region that covers a strong updraft, a moderate downdraft, and a rather calm area (y = 386 m and z = 222 m) to examine the effects of axially varying conditions. The third vortex pair, placed on a low altitude (y = 132 m and z = 64 m) allows investigation of ground effects. The three vortex pairs are suf ciently separated from each other such that mutual in uences can be neglected.
The wake vortices are initialized as the superposition of two Lamb-Oseen vortices
representing a B-747 aircraft with a root circulation of C 0 = 565 m 2 /s and a vortex spacing of b 0 = 47 m. An unrealistically large vortex core radius of r c = 8 m has to be chosen to resolve the forced vortex region with four grid points. It is known that the wavelength and growth rates of wave instabilities are a function of r c / b 0 (Refs. 13 and 14) and that the decay rate of wake vortices with larger core radii may be increased. 15 Therefore, another CBL run was performed . Reducing the core radius in our study to r c = 4 m would increase the initial rolling moment experienced by the following B-737 by a factor of 1.4. In piloted simulator investigations 17 of wake vortex encounters, it was found that core radius effects are negligible.
Encounter Analysis
The hazard reduction for aircraft that encounter the deformed and decaying vortex pairs is assessed by strip theory. In strip theory, the load on each wing section is calculated from the local section angle of attack and integrated to estimate the forces and moments exerted on an aircraft for a given velocity eld. 18 This straightforward method is chosen because it provides an economic approach to perform the calculations at every one of the more than 4 £ 10 6 grid points. A recent comparison of various simple wake vortex interaction models elucidates the good predictive capabilities of strip theory. 19 A well-known limitation of strip theory is an unreliable load distribution in the vicinity of the vortex cores. 18 For our purpose, the accuracy of strip theory achieved for the overall loading is suf cient to give an insight into the prominent phenomena and to give a realistic estimation of the time span in which the wake vortices alleviate to harmless strengths. Suf cient accuracy is particularly expected for the most interesting nal decay of the vortices because then no more intact vortex core structures are observed. 20 The rolling moment constitutes the most hazardous effect on aircraft that encounter wake vortices coaxially or at small angles. 7 Therefore, this study focuses on the evaluation of rolling moments M, which are normalized by 50% of the available roll control, M c = 2.8 £ 10
6 Nm. The threshold j M / 0.5M c j = 1 represents an acceptable value for wake vortex encounters 7 although piloted studies state that the maximum bank angle provides the most appropriate measure for a wake vortex hazard. 17 However, evaluations of the bank angle would have to include aircraft as well as pilot reactions, which is beyond the scope of this study. The current approach resembles, rather, the common arrangement used to study encounter effects in wind-tunnel experiments. There, the following aircraft is mounted xedly on a traversing mechanism and is equipped with a force balance or pressure taps on the wings to evaluate loads. To give a more comprehensive view of the forces experienced by the aircraft, the effects of down-and upwashes are also presented in terms of loss and gain of lift (
As encountering aircraft, the common medium-weight-class B-737 aircraft is chosen; this enables comparisons with ighttest experiments of the NASA Langley Research Center B-737 (Ref. 8) . Typical ight conditions prevailing during the early approach are prescribed for the whole domain: The B-737 with a span of b = 28.4 m and a weight of 450,000 N ies in clean con guration at a speed of u 1 = 150 m/s in an atmosphere with density q = 1 kg/m 3 . In the evaluation, the B-737 penetrates the domain in x direction at every (y, z) grid point. Lift L and rolling moment M are integrated according to
The section lift coef cients c l are taken from pressure tapping measurements of the DLR-F6 wing-body-engine con guration, which were carried out in the S2MA wind tunnel of ONERA. 21 Eight spanwise c l [a (y)] sections are interpolated to the 2-m-spaced grid points. The local spanwise section angle of attack is
where a 0 = 0.2 deg.
Discussion of Results
Convective Boundary Layer
For the purpose of this study, which is to describe the main features of the interaction of the CBL with aircraft wake vortices, the ow eld of the simulated CBL should be as realistic and representative as possible. Therefore, our simulated CBL is compared with data obtained in eld and laboratory experiments as well as from other LES. Figure 1 depicts an isosurface of the positive vertical velocity, w = 2 m/s, of the evolving CBL and the three 10-s-old wake vortex pairs in a perspective view. Three convective cells or updraft regions can be identi ed that are partially merged with the tubular isosurfaces of the upwashes of the trailing vortices. In between the updrafts, a moderate downward ow prevails. Figure 2 shows normalized velocity and temperature uctuation patterns along an instrumented aircraft ight path segment and respective simulation data. The data have been collected in evolving CBLs during the European Field Experiment in a Deserti cationThreatened Area (EFEDA) 22 at a height of about 50% of the inversion height z i . The scaling parameters w¤ and T¤ are taken from free convection scaling. 12 Another data segment would obviously show different curves. Nevertheless, some typical features of a CBL can be well illustrated with this juxtaposition: The updraft velocities exceed the downdraft velocities and distinct small-scale uctuations are superimposed to the up-and downdraft regions. In the up-and downdraft segments, w 0 and T 0 are correlated such that the heat ux w 0 T 0 > 0. Because of the turbulence, smaller-scale segments exist where w 0 and T 0 are anticorrelated (w 0 T 0 < 0). The area fraction with a positive heat ux is larger than that of negative heat uxes. 12 For the interaction of the CBL and the wake vortices, the TKE of the CBL and its spectral distribution is of particular importance. Figure 3 depicts a one-dimensional TKE spectrum from the LES at z i / 2 after three convective timescales and before the wake vortices have been inserted. The range covered by TKE spectra from eld measurements is included with crosshatches 12, 23 ; the spectrum range found in wind tunnel, water tank, and other LES studies 24 is denoted with dots. [The TKE spectra from the literature are calculated according to k¢ S TKE (k)/ w Current computer capabilities do not allow us to simulate sufciently high effective Reynolds numbers to achieve the wide spectra as observed in eld measurements. However, at its most energetic part, the simulated spectrum lies in the range of the eld-measured data. Only the largest and smallest scales carry less energy than observed. This re ects that the current CBL is still evolving (energy maximum at smaller scales) and that the LES suffers from too strong effective (turbulent) viscosity at the smallest scales. However, in the wavelength range of 10-100 m of the CBL, which is certainly most sensitive for the interaction with the wake vortices and their turbulent decay, 20 the LES comprises quite well the energy levels of real atmospheric CBLs. The underestimation of energy at smallest scales (below 10 m) extenuates the direct impact of CBL turbulence on the vortex cores; the underestimation of energy at the scales above 100 m reduces the excitation of Crow-unstable modes. 13 Hence, both effects provide conservative bounds for all results discussed thereafter.
Wake Vortex Behavior
To illustrate the wake vortices graphically, the second eigenvalue k 2 of the symmetric tensor S 2 + X 2 is calculated, which is a measure of the coherent vortex structures. 25 S and X are the symmetric and antisymmetric components of the velocity gradient tensor r u. Figure 4 shows surfaces of k 2 = ¡ 0.5/ s 2 at t = 10 and 40 s. The (arbitrary) temperature isosurface elucidates the ne-scale structure of the surface plumes. Already, at the early stage of t = 10 s, the wake vortices are deformed according to their position relative to the up-and downdrafts. At 40 s, the vortices are partially destroyed due to turbulent erosion, especially in the updraft regions. Noticable height differences can be observed for the vortices of pair 1, which was placed on the shoulder of the thermals. The resulting situation of almost solitary vortices may be more dangerous because a solitary vortex decays relative slowly 26 because the mutually in- duced destruction mechanisms (shortwave and longwave instability, stretching of external turbulent eddies) are less effective. 4, 15 The vortex pair in ground effect is moving laterally (compare Fig. 5 ) and thereby displaces the small-scale surface layer plumes. At t = 70 s, all coherent vortices are essentially destroyed. § Figure 5 depicts the evolution of the vortex positions as seen in ight direction for the time span in which they can be uniquely determined by searching local k 2 
Encounter Analysis
In this section, lift deviations and rolling moments that are exerted by the vortices and the CBL on a B-737 aircraft are discussed. These are averaged along each ight path to condense the threedimensional data to two-dimensional plots. The averaging is performed primarily because it takes into account that the large-scale deformation of the vortices reduces the impact time of forces and moments. On the other hand, averaging includes the drawback that contributions of opposite sign may compensate for each other, which will result in an underestimation of the disturbances. Therefore, probabilities of local rolling moments will also be analyzed subsequently.
Figures 6a and 6b display the averaged and normalized lift deviations (L ¡ L 0 )/ L 0 at t = 0 and 40 s, respectively. These lift deviations can be interpreted as vertical accelerations of the following B-737 aircraft normalized by the gravitational acceleration. At t = 0, the concentric areas with negative accelerations are signi cantly larger and of about twice the intensity (almost ¡ 1 g) of the adjacent areas with positive accelerations. Later, at t = 40 s, the areas with lift deviations out of ground effect are mainly stretched in the vertical direction in a similar way to the vortex positions (see Fig. 5 ). The maximum negative acceleration at t = 40 s of L / L 0 ¡ 1 = ¡ 0.52 is caused by the vortex pair 1 close to z = 300 m. This is due to several effects: A large part of these vortices is situated in a homogeneous downdraft of the CBL, where lower turbulence intensities leave the § A comprehensive view on the wake evolution can be gained from the animated simulation results, which may be found at http://www.pa.op.dlr.de/ wirbelschleppe/conv.html [cited 20 October 2000]. vortices quite intact. Furthermore, the descent speed in this area of the CBL augments the downwash experienced by the B-737. Finally, the vortices have approached each other, which also intensi es the downwash. At t = 60 s only vortex pair 1 still causes accelerations of up to ¡ 0.36, and at t = 80 s, a maximum value of ¡ 0.26 is found. However, these accelerations occur at vertical positions of 180 and 250 m below the glide path, respectively.
The rolling moments at t = 0 (Fig. 7a ) reach almost the full roll control capability of the B-737, that is, j M / 0.5M c j = 2, in the vortex centers. The rolling moment signature of one vortex pair consists of two strong primary and four relatively weak counter-rotating secondary areas. Along a horizontal line through the vortex centers, the rolling moments change their sign ve times. These multiple sign changes are also found in wind-tunnel experiments. 27 The magnitude and sign of the resulting rolling moment that acts on the encountering aircraft depend on its wing span and its position relative to the vortex pair: The outer secondary areas emerge when only one wing is placed into the updraft of a vortex. The central alternating moments act on the wings when the aircraft has a span smaller than the vortex spacing and is ying in line with the preceding aircraft. It is then solely exposed to the downwash region of the predecessor's wake. Because of the large-scale deformation of the vortices, the secondary maxima of the moments have already disappeared at t = 20 s. As for the lift distribution, the areas of increased rolling moments are stretched vertically, and the lower part of pair 1 maintains the highest moments, which are reduced to a maximum of 0.53 at t = 40 s (Fig. 7b) . At t = 60 s, only the part of pair 1 that is situated in the downdraft area of the CBL can still be identi ed in a small zone with j M / 0.5M c j < 0.34. This elucidates that wake vortices in the rather calm downdraft areas are intact for longer time spans. However, far below the glide path, they are a little hazardous.
The probability density distributions (PDD) of nonaveraged rolling moments (M / 0.5M c ) are delineated in Fig. 8a for the CBL with and without wake vortices. In this presentation, the shapes of the PDDs are almost identical. The narrow-banded curves suggest two interpretations: First, the probability of experiencing high rolling moments is small because of the small volumes occupied by wake vortices. Second, the thermals in the CBL itself exert enhanced rolling moments. We found local maxima of about M = § 0.3M c in our simulation, that de ne the background level to which the wake-induced rolling moments will decay asymptotically. Indeed, the forces and moments exerted by individual thermals can be enormous. For example, vertical gust velocities of up to 11.4 m/s associated with a vertical acceleration of 1.42 g were reported by a research aircraft ying at low altitudes over the boreal forest. 28 To elaborate the rolling moment effects of the wake vortices compared to the CBL, the differences of the respective PDDs are shown in Fig. 8b . The central negative probability differences with values of from ¡ 104 to ¡ 74% (not shown in Fig. 8b ) indicate that the superposition of wake vortices reduces the probability of very small rolling moments. The most probable moments caused by the wake vortices in the simulated CBL amount to 0.15M c / 2. Maximum values of j M / 0.5M c j with probabilities of the order of 10 ¡ 5 % decrease from 2.25 at t = 0 s to 0.8 at t = 100 s. In the further simulation, with core radii of 4 m instead of 8 m, j M / 0.5M c j · 2.97 and 0.98 at the respective times are obtained. Figure 9a depicts the probability of nding rolling moments exceeding threshold levels of j M / 0.5M c j = 1 and 0.5 in the entire computational domain for initial wake-vortex radii of 8 and 4 m. The threshold level of 0.5 is appropriate to separate wake-vortex induced and CBL induced rolling moments. P(j M / 0.5M c j ) > 0.5 decreases slightly until t = 40 s from 1.6 to 1.2% (as long as the vortex structures are intact) and reaches the probability of 0.06% at t = 100 s. Hazardous normalized rolling moments above one are likely to occur with an initial probability of 0.6%. Then the probabilities decrease almost linearly for about 30 s. After 60 s, the probability of hazardous rolling moments has decreased to almost 1% of the initial probability. Note that the probabilities decrease more than two orders of magnitude from 40 to 70 s. This implies that the treatment of encounter by more sophisticated methods is expected to give minor differences in results compared to the simple strip theory. Moreover, even different choices of acceptable threshold levels or encounter probabilities lead to minor time shifts only. the probability of rolling moments in the single vortex-pair data had to be multiplied by three.)
Flight-corridor speci c probabilities of critical encounters are achieved by evaluating the ight track of the follower aircraft in a safety window around the glide path. The size of the window is determined by the accuracy with which aircraft can follow the nominal glide path of the instrument landing system (ILS). At Frankfurt airport a study yielded approximate lateral and vertical standard deviations of 30 and 20 m, respectively, at a distance of 10 mile from the threshold for over 36,000 aircraft approaches, (private communication with M. Maiss, DFS Deutsche Flugsicherung, Offenbach, Germany, May 2000). The accuracy increases with decreasing distance to the runway. Given a safety corridor that extends over two standard deviations in all four directions from the nominal glide path (a window width of 120 £ 80 m 2 , see Fig. 5 ), Fig. 9b shows that the initial probability of encountering a critical rolling moment (j M / 0.5M c j = 1) amounts to 5.4%. At t = 60 s, which corresponds to minimum radar separation of 2.5 n mile when assuming a ight velocity of 75 m/s, the probability has decreased to 0.009%.
At t = 60 s probabilities of rolling moments almost coincide in the safety corridor and in the whole simulation domain. This reveals and con rms our earlier nding that at about 1 min after the virtual passage of the wake-vortex producing B-747, the simulated rolling moments experienced by the wake encountering B-737 are mainly due to the natural turbulence of the CBL to which the wake-induced rolling moments have decayed in the meantime.
Conclusions
The accelerated decay of aircraft wake vortices in a convectively driven and evolving atmospheric boundary layer was investigated by means of LES. The main challenge was the appropriate representation of the CBL on one side and the wake vortices on the other because the respective characteristic length scales differ by a factor of about 1000. A compromise between the two scale regimes was found by choosing a relatively small domain size that allowed us to study an evolving CBL where typical turbulence and velocity distributions prevail at inversion heights below 500 m. On the other hand, the wake vortices were modeled with relatively large initial core radii to account for their proper resolution. With an additional simulation it could be shown that vortex cores with 50% smaller radii do not change the rolling moments of an encountering aircraft and the respective probabilities signi cantly.
The LES elucidate that the wake vortices are rapidly deformed at scales of the alternating updraft and downdraft regions. It is shown that segments of the wake vortices can stall at ight level but that they are quickly eroded by the turbulent updrafts at the same time. The longest living sections of the vortices are found in regions of relatively calm downdraft ow that augments their descent.
The current investigation treats exactly the situation where the strength of the updrafts just compensates the self-induced descent speed of the wake vortices. This allows extension of the conclusions to CBL cases with stronger and weaker thermals: In the weaker CBL case, the common situation prevails where wake vortices descend below the glide path. In a stronger CBL, pieces of the wake may even rise considerably above ight level, but the turbulence level is also increased in the updrafts, which further augments the decay rate of those vortex pieces.
Encounter analyses by means of strip theory elucidate that the deformation and decay of the vortex pairs counteract and dominate the potentially hazardous effects of rising wake vortices. In the LES results, the probability of encountering a potentially hazardous rolling moment (j M / 0.5M c j = 1) in a saftey corridor has decreased to 0.9% at t = 30 s and is reduced to 0.009% after 60 s. At this time, the wake-induced rolling moments have almost decayed to the background level that originates from turbulence in the CBL.
Main differences from the presented results are expected when a following aircraft ies in high-lift con guration at half the speed used in the current study. This would probably double the normalized rolling moments. Furthermore, the large core radii imply an underestimation of the rolling moments by a factor of 1.4 initially. Although both effects are strong in early times after y-by, they, nevertheless, will modify the potentially hazardous timespan behind the B-747 wake-generator aircraft only slightly because the vortex decay is so rapid in a CBL.
